show that the theoretical model n'epropose matches simulation and Internet measurement izssults remarkably well.
Introduction
The number of multimedia applications on Intemet, (:ombining audio, video and data streams, is growing explosively. Multimedia applications, even when data compression is used, require in general a considerable amount ofbandwidth, and they are often delay sensitive. Such applications include radioRelevision broadcast, desktop videoiaudio confeiencing, shared white boards, tele-classing, file transfers to multiple locations, online gaming and animated simulations. E ' multicast, offering a scalable point-to-multipoint delively, is regarded as a promising network service for group multimedia applications. Multiple user communication can be realized in several ways. The minimum cost approach would be to conshuct a single tree to distribute the traffic froin all senders in the group, regardless of the sender's location, and to minimize the total weight of the tree. Hence, it optiniizes the use of network resources. The problem of finding a minimum weight tree that spans all multicast users is la~own as the Steiner Tree problem [14]. However, the wmputational complexity of finding a Steiner Minimum Tree (SIMT), proven to he NP-complete, together with its less stabli: dynamic behavior [20] prohibits the implementation of this algorithm for multicast routing protocols on Intemet. Instead, most of the current Internet protocols forward packets tzased on the (Reverse) Shortest Path. A Shortest Path Tree (SPT) is then composed from shortest paths between the source and the destination. The SPT algorithm does not necessarily result in a tree that economizes on network resources but it is easy to compute and it offers a minimum delay.
Even though the first deployment of multicast occurred in 1992, and in spite of the continuously rising demand for a ubiquitous multicast service, IP multicast is still experiencing slow wide-scale deployment. One of the reasons for this is the lack of a proper business model. The computational and administrational overhead of multicast group management increases the deployment cost compared to the cost of unicast. Clearly, the deployment ofmulticast can only be justified if the netto gain defined as savings minus costs is larger than the neno gain for unicast. Therefore, we believe the deployment of multicast on larger scale would be encouraged if the gaidcost of multicast could be successfully estimated.
Different researchers have introduced different definitions for the gain and the cost of multicast. One possible criterion to assess the gain of the multicast is the number of hops in the tree rooted at a particular source to m randomly chosen destinations. Altematively, the cost of multicast can be defined as the sum of all the link weights in a tree connecting m uniformly chosen nodes. In this paper we propose analytic expressions tbat can be used to compute the gain and cost of the Shortest Path Tree, which we also compare with the Steiner Minimum Tree. Moreover, we investigate how well the simulation and Intemet measurement data fit the proposed model.
The remainder of the paper is organized as follows: in the following Section we give a short overview of the related work on the multicast cost and the gain analysis, together with our previous work on this subject. Analytical results on the Uniform Recursive Tree (URT) are given in Subsection 3.1, followed hy simulation results in Subsection 3.2. In the [9] propose to charge the users for the resources they use. The weights of a link is determined by the maintenance costs, congestion on the link, or other factors. At each router in the tree where branching takes place (branching point), costs are determined by splitting the cost among subtrees. Each router stores the information on the number of branches and on link weights, and distributes this information along the branches to other branching points. increases about linearly with 7n on a log-log scale, explaining the empirical Chuang-Sirbu law. In addition to the average (I), the same authors derive in [I31 the exact probability generating function and probability distribution PI [ l l .~ (7n) = k] from which the variance follows as The importance of these results lies in the fact that, if we can demonstrate that the URT characteristics match the Intemet measurements for multicasting, then the costlgain of multicast routing trees can be estimated. has not been derived analytically. 
Measurements on Internet
In 1999, Faloutsos et al. [lo] studied three different Internet AS level instances. Their results indicated that the degree distribution follows power law characteristics. These findings have provoked astonishment among network researchers and stimulated the desire to explain this behavior. However, Chen et al. [5] have criticized the results published in [IO] implying that they were obtained on incomplete AS graphs. They show that when data is obtained fiom more complete AS graphs, the degree distribution follows heavily skewed distributions (the values of degree vary over 3 to 4 orders of magnitude), but where only tails decay like a power law.
Faloutsos et U/.
[IO] have also suggested the power-law node degree distribution for nodes in a router-level map of Internet. Ever since, several global router-level Internet m a p ping projects have been initiated, almost all being based on truceroute, or some traceroute-like utility. Over the time the mapping techniques have advanced and improved, resulting in more and more accurate maps. However, due to several important reasons, as we discuss in [15] , it is dangerous to apply the conclusions drawn on those imperfect maps to the actual Internet topology. Nevertheless, in [IS] we have performed a thorough analysis of results obtained by other researchers on node degrees. We have concluded tbat most of the researchers have observed power-laws, with similar values for the slope coefficient cy. Only the results based on CAIDA measurement data had the considerably larger slope coefficient. These measurements indicate that the random graph G, (N) with exponentially distributed weights and binomially distributed node degree distribution does not appear to be a good model for Internet topology.
Whereas the node degree distribution in Intemet maps attracted much attention, only few results have been published on the characteristics of multicast routing trees so far. The first one has been provided by Chalmers and Almeroth [4] , who have looked into the properties of the Internet multicast trees on Mbone. They have gathered multicast tree data for four live multicast sessions: the 43rd IETF meeting in December 1998 and the NASA shuttle launch in February 1999, each of them consisting of a separate audio and video channel. The path from each receiver to the source has been traced via mtrace (multicast trucemute) [I I] . The nifruce data has been used for each dataset to reconstruct a multicast tree. Chalmers and Almeroth have developed the tool niwalk, that builds an activity graph of all possible trees over time. In [IS, Figure 3(a) .] we have plotted the node degree distribution for one realization of the tree, in 43rd IETF video dutaser, when 129 receivers have been traced to belong to the group. After fitting their data on different scales, we noticed tbat the best fit of all (with the correlation coefficien? of 0.91) has been obtained for the linear fit on the log-lin scale, suggesting rather exponentially than polynomially distributed node degrees. Interestingly, the slope of the curve is approximately the same as that ofthe URT (see (5)).
The only other result on the multicast tree degree distribution so far has been provided by Dolev et al. [SI. In [SI Dolev et. al. have investigated properties of multicast trees obtained fiom Internet measurement data. The data they used for their multicast analysis has been obtained via unicast truceroute measurement. They have used two datasets: first, on the underlying topology provided from trucemute measurements, they generated shortest path trees using the Dijkstra algorithm. The second dutmet has been created based on truceroute measurements of the paths between the root and the clients in the client population of www.bell-labs.com. In [8, Figure 6 and Figure 71 they have plotted the node degree distributions in both datasets on a log-log scale, and fitted with the linear function decaying with the rate -3.40 and -3.18 for the first and the second dutaset, with the correlation coefficients of 0.9897 en 0.9829, respectively. These findings seem to suggest a power-law structure of the node degree distribution in multicast routing trees, which contradicts that of [4] .
With the purpose of understanding this discrepancy, in ter project 1211 trucemute data in the following way: : k t , we have randomly chosen m = 50; 100,500,1000 destinations (multicast users). For three monitor boxes (two of them situated in United States and one in Japan) the collection of paths from these three sources to randomly chosen destinations has been obtained via trucemute. In this way, we obtained for each source a set of 4 trees. For each of these 12 trees, the number of links in the tree has been calculated. In Figure 5 this number has been plotted, for teach source, as a function of m. In addition, for N = 131iOOO (the approximate number of nodes in the Internet map derived from tracemute measurements, see Also in our previous work we have shown that our anhytical findings were supported by Intemet measurements (we refer to [IS, Figure 71) . Hence, all of our measurement results so far indicate that the URT represents a reasonxble, first order model for the multicast tree in Intemet. 
Conclusions
One of the reasons for the slow wide-scale deployment of IP multicast is the lack of a proper business model. In this paper we proposed analytical expressions (1) and (3) for assessing the gaidcost of Shortest Path. We have compared the cost of Shortest path to S t h e r Trees using the analytical expression (3) [ 141 E Hwang, D. Richards [ 151 M. Janic [ 181 P, Van Micghem G. Hooghiemsha and R. van [21] http:l/ww.caida.org The products canbe written in terms ofthe Gamma function,
